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I. INTRODUCTION

S
PIN valve heads require a corrosion resistant, thermally stable exchange film to keep the pinned ferromagnetic layer in a transverse orientation. Several exchange layers have been studied, including FeMn [1] , TbCo [2] , NiO [3] , MnNi [4] , Mn Ir [5] , and Mn-Pt [6] . Corrosion resistance is normally compared with that of Ni Fe . From the previously quoted literature, only MnNi based exchange layers [4] or NiO [7] exchange layers were shown to have better or comparable corrosion resistance with respect to that of NiFe. Corrosion resistance is important to maintain the exchange during processing as well as during head performance. Thermal stability is controlled by the blocking temperature ( ) of the exchange bilayer. For safe head processing, should exceed the maximum temperature required during head Manuscript received January 30, 1998; revised March 26, 1998. This work was supported in part by a PRAXIS Project PRAXIS/3/3.1/TIT/11/94, and two of the authors, A. Veloso and N. J. Oliveira, were supported by PRAXIS Grants PRAXIS XXI/BD/9420/96 and PRAXIS/4/4.1/BD/1469, respectively.
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processing ( 240 C, for resist bake in write head fabrication [8] ). For reliable head performance, the blocking temperature should exceed any thermal excursions occurring during the life of the head (thermal asperities). As the dimensions of the head shrink, the demagnetizing fields in the free and pinned layers increase. To keep the pinned layer from rotating under the demagnetizing fields, higher unidirectional exchange fields ( ) are needed. MnNi and Mn-Ni-Cr layers have the best thermal stability ( C) [4] , show strong exchange (exchange constant erg/cm ) [4] , and have a corrosion resistance only surpassed by NiO. However, in MnNi, the antiferromagnetic phase with a CuAu-I type ordered face-centered-tetragonal (fct) structure responsible for exchange requires several hours of post-deposition anneal at temperatures ranging from 260-300 C to be stabilized. NiO films provide very high corrosion resistance but lead to a high pinned layer coercivity ( ) comparable to and a relatively low exchange constant ( erg/cm ) [9] . In this paper, a new Mn-Rh exchange layer is described, which has a good corrosion resistance, shows good exchange coupling, does not require anneal for stabilization, and has a blocking temperature of 235 C. The corrosion resistance of the new exchange material was studied by potentiodynamic polarization experiments carried out at a scan rate of 500 V/s in a 0.1 N sodium sulfate electrolyte (concentration of 7.1 g/l ; pH = 7), and 0018-9464/98$10.00 © 1998 IEEE compared with that of Ni Fe , Mn Ir , and Mn Ni films. All the exchange materials were tested as deposited except Mn Ni which was previously annealed for 6 h in vacuum (10 Torr) at 260 C under a 500 Oe magnetic field that was also applied during cooling to room temperature. The exchange films were 100Å thick and were deposited on top of a 80Å thick Ta layer on glass substrates. Their surfaces were protected by photoresist just after deposition. The photoresist was then removed prior to introducing the films in the sodium sulfate solution.
Unshielded spin valve sensors were fabricated, with the sensor elements defined by direct-write laser lithography followed by soft sputter etch. The contact Al leads were patterned by lift off. During the magnetoresistance (MR) measurements, the easy axis of the pinned and free layers, as well as the direction of the external applied field is parallel to the sensor's height. Consecutive 5 h sensor anneals were done in a high-vacuum furnace (10 Torr) at a temperature . After anneal, samples were furnace cooled to room temperature (RT) for 2 h. During the annealing and cooling, a 500 Oe field was applied parallel to the pinned layer easy axis.
Shielded spin valve tape heads with this new exchange layer were fabricated to check how the new exchange material behaves after head processing. The heads were fabricated on DLC coated, 2 mm thick, 3 in diameter Al O -TiC wafers. CoZrNb shields 1.5 m thick were used, with a shield to shield separation of 0.46 m (SiO gap oxide). The heads use permanent magnet stabilization (CoCrPt) and their dimensions after lapping are height m, trackwidth m. A cylindrical, slotted, tape bearing surface (20 mm radius) was defined by lapping in a diamond slurry. Head recession was analyzed by AFM and values below 20 nm were measured. The head was then tested in a Honeywell 85 tape deck, with a tape speed of 0.2 m/s, and its output was analyzed by a HP selective level multimeter. Fuji metal particle tape (MP++) with an of 6.5 memu/cm , an estimated thickness of 0.2 m, and a coercivity of 1850 Oe, was prerecorded at 64 mA write current (optimized for 100 kfci) with an inductive head from Storagetek (write gap = 0.65 m).
III. RESULTS AND ANALYSIS
Analysis of phase diagrams of bulk Mn-alloys ( = Ni, Pt, Ir, Rh) show that ordered antiferromagnetic phases develop near 50 at% Ni, Pt in Mn or near 25 at% Ir, Rh in Mn [10] (Mn Ir and Mn Rh, respectively). Spin valve coupon samples with structure Si/Ta (50Å)/Ni Fe (60 A)/Co Fe (5Å)/Cu (23Å)/Co Fe (22Å)/Mn Rh (170Å)/Ta (50Å) were deposited and analyzed by X-ray diffraction. Fig. 1 shows that strong 111 fcc texture with separate 111 peaks corresponding to the Mn Rh and to the Co Fe -Cu-Ni Fe layers is observed. The spin valve magnetization loop is shown in Fig. 2 . As in other Mnbased exchange layers, ( Oe, Oe). The inset shows the minor loop magnetoresistance versus applied field, with a MR signal of 7.1%, sensitivity of 3.2%/Oe, free layer coercivity of 3 Oe, and ferromagnetic coupling field of 12 Oe. The exchange coupling strength These results indicate a similar behavior of these materials from a self-corrosion point of view. However, in the present application, the exchange films are associated with other materials forming galvanic couples. In this case, as the MnRh films exhibit a higher free corrosion potential than that of the other materials, it is expected a sacrificial effect of the other materials in favor of a cathodic protection of the MnRh. This places the MnRh alloy in a better position compared with the other exchange alloys tested as far as corrosion is concerned. In the inset, the free corrosion potentials of the different films measured at INESC are compared with previous data in the literature [4] .
The temperature dependence of the unidirectional exchange field, measured in a coupon sample in an Ar flow (vibrating sample magnetometer) is now analyzed (Fig. 4) . decreases with increasing temperature, vanishing at a blocking temperature of 235 C. Notice that when cooling the sample from 235 C, in the absence of any applied field, an exchange field of 370 Oe is still recovered. The observed dependence suggests that the unidirectional exchange field is the average of contributions from exchange components with various blocking temperatures below 235 C (local blocking temperatures ) [11] , [12] . A short 45 min anneal in vacuum (10 Torr, 260 C) is sufficient to narrow the distribution of local blocking temperatures and improve . In Table I , magnetic properties, blocking temperatures, and corrosion behaviors of different exchange materials (mostly prepared at our laboratory) are compared. If high exchange constant, reasonable corrosion resistance, and adequate thermal stability are required, MnNi, Mn Rh and Mn Ir can be used. Mn Rh exhibits the best corrosion resistance and MnNi the best thermal stability. In our study, the corrosion behavior of Mn Ir is found to be comparable to that of MnRh. Another study, however, using a different experimental environment found that Mn Ir had an intermediate corrosion resistance between that of FeMn and MnNi [15] .
The temperature dependence of the magnetoresistance of unshielded spin valve sensors using the Mn Rh exchange layer is now described. Fig. 5 shows the MR response versus temperature for sensors with trackwidth m and height m. The dashed lines correspond to cycling back the sensors to room temperature in the absence of any applied field. The inset shows the transfer curves measured at RT after heating up to different temperatures and cooling back to RT. For temperatures up to 175 C, there is a reversible decrease of MR with increasing temperature. When the sensor is brought back to room temperature there is a slight increase of MR that can be attributed to unmixing at the interfaces or/and defect anneal out. When the sensor is heated above 175 C, there is an irreversible decrease of MR(RT), that can be observed by measuring MR at room temperature after each thermal cycle. As seen in Fig. 4 , however, there is still a large exchange field remaining at room temperature when cooling from 235 C. This means that the observed decrease in MR is not caused by loss of exchange, but probably by irreversible interdiffusion between NiFe and Cu through the 5Å thick CoFe layer which may not constitute a good diffusion barrier. Interdiffusion at a NiFe/Cu interface in FeMn top spin valves starts to occur at 200 C [16] , [17] , and that could explain the irreversible MR decrease above 175 C observed here. Interdiffusion at the Cu/CoFe pinned layer interface (25Å thick CoFe layer) will probably occur only at higher temperatures [18] . The transfer curves at RT, after cycling to temperature are shown in the inset. Even for C, the transfer curves are still linear around zero field, meaning that the pinned layer has essentially remained in its transverse orientation. Fig. 6(a) shows the MR thermal stability of the unshielded sensors after consecutive 5 h vacuum anneals at a temperature . The transfer curves measured after anneals up to 250 C ) and a contact resistance estimated at 11 /contact. Analysis of the transfer curves of the tape heads shows no loss of exchange during head fabrication. Fig. 7 shows the roll-off curve obtained for the fundamental component, with the oscilloscope output at 60 kfci as an inset. The tape was written with a square wave pattern and a write current optimized for 100 kfci. The head was operated at the optimum read current of 3 mA. At 100 kfci this head has an output of 580 V m (32% of the maximum output) with an harmonic distortion of 18 dB for the second and 35 dB for the third harmonics. Even though there is some room for improvement in terms of second harmonic distortion, this value is still within the specs for recent quarter inch cartridge (QIC) recording formats, like QIC-5210-DC [19] .
IV. CONCLUSIONS
A new exchange material, Mn Rh , has been developed which requires no post-deposition anneal to obtain the antiferromagnetic phase. This material exhibits similar self-corrosion behavior when compared to that of Ni Fe , Mn Ir , and Mn Ni films, and has the highest free corrosion potential of all the materials studied. Therefore, when coupled with the pinned ferromagnetic layer in a spin valve structure, Mn Rh is in a better position compared to the other exchange layers as far as corrosion resistance is concerned. Mn Rh biased spin valves show an exchange constant of 0.19 erg/cm and a blocking temperature of 235 C. Unshielded spin valve sensors exhibit a good thermal stability upon consecutive 5 h anneals up to 225 C. Sensor-in-gap tape heads were fabricated, demonstrating a peak to peak output at low density of 1.8 mV/ m for read currents of 3 mA and potential for operation at linear densities near 100 kfci where a 580 V m output is measured.
